T he PTEN (phosphatase and tensin homologue) gene on chromosome 10q23.31 encodes a tumour suppressor protein that regulates the phosphoinositide-3 kinase (PI3K) pathway, which is involved in cell-cycle regulation, angiogenesis, and cellular growth and proliferation. 1 PTEN was isolated and cloned in 1997, [2] [3] [4] and germline heterozygous mutations have been found to be responsible for both Bannayan-Riley-Ruvalcaba syndrome (BRRS) and Cowden syndrome (CS).
BRRS is characterised by macrocephaly, macrosomia at birth, lipomas, hamartomatous intestinal polyposis, proximal myopathy, variable degrees of developmental delay, and pigmented macules on the glans penis. [5] [6] [7] Pathognomonic criteria for the diagnosis of CS include mucocutaneous lesions, such as facial trichilemmomas, cobblestone-like papules on the oral mucosa, acral keratoses and various papillomatous lesions. Major criteria include adult-onset Lhermitte-Duclos disease, macrocephaly, thyroid cancer (especially follicular carcinoma), breast cancer and endometrial carcinoma. Lipomas and hamartomatous intestinal polyps are considered minor criteria for the diagnosis of Cowden syndrome. 8 Following the identification of the PTEN gene, Marsh et al. 9 10 found that 81% of patients with Cowden syndrome, 60% of patients with BRRS, and 91% of patients in families with features of both BRRS and Cowden syndrome had germline mutations in the PTEN gene. These findings confirmed that BRRS and Cowden syndrome are allelic disorders, now designated ''PTEN hamartoma-tumour syndrome'' (PHTS). 10 Some patients with PTEN mutations have macrocephaly and autism, without any of the other clinical features associated with PHTS. 11 Although the long-term follow-up of these patients has not been reported, the risk of cancer is likely to be similar to those of patients with PHTS.
A variety of vascular anomalies, termed ''arteriovenous malformation'' (AVM), ''vascular hamartoma'' or ''haemangioma'', have been reported in some patients with BRRS 12 13 or Cowden syndrome. [14] [15] [16] Nevertheless, there have been no systematic studies of the frequency or the precise types of vascular anomalies that occur in these patients. Monitoring for vascular anomalies is not currently part of the ''standard of care'' for these patients. 5 8 Moreover, it is unclear which patients with vascular anomalies should be tested for a PTEN mutation.
The purpose of this study was to characterise the cerebral and peripheral vascular anomalies in PHTS that may merit close follow-up or possible intervention. Furthermore, we attempted to determine the clinical and radiological features that should prompt clinicians to test for a PTEN mutation.
METHODS
This study was approved by the Committee on Clinical Investigation at Children's Hospital Boston.
Subjects
This study included all patients with a PTEN mutation who had been seen or had their clinical findings reviewed at Children's Hospital Boston (including the Vascular Anomalies Center and the Division of Genetics) between 1997 and 2005, regardless of their phenotype. All these patients were tested for PTEN mutations between July 1999 and October 2005. Before November 2002, testing was performed at a research laboratory directed by Dr C Eng (Dana-Farber Cancer Institute, Boston, Massachusetts, USA, and Ohio State University, Columbus, Ohio, USA), except for one patient who was tested in North Adelaide, Australia. Subsequently, most samples were sent to a commercial diagnostic laboratory (GeneDx, Gaithersburg, Maryland, USA).
Abbreviations: AVM, arteriovenous malformation; BRRS, BannayanRiley-Ruvalcaba syndrome; CS, Cowden syndrome; DVA, developmental venous anomaly; PI3Kl, phosphoinositide-3 kinase; PI(3,4,5)P 3 , phosphatidylinositol-(3,4,5)-triphosphate; PHTS, PTEN hamartoma-tumour syndrome
Classification of vascular anomalies
We classified all anomalies based on the binary system accepted by the International Society for the Study of Vascular Anomalies: vascular tumours, which are endothelial neoplasms with increased cell proliferation and include haemangiomas, haemangioendotheliomas and angiosarcomas; and vascular malformations, which are composed of abnormally formed vascular channels and subclassified according to the type of vessels involved (ie, arterial, capillary, lymphatic or venous, or a combination of the different types of channels, such as arteriovenous and capillary-lymphatico-venous malformations). 17 18 All available neuroradiological images were reviewed by a neuroradiologist (CDR), and the angiograms, MRI, CT and sonographic images of the torso and limbs were reviewed by two vascular/interventional radiologists (PEB and AA). Vascular anomalies were characterised according to published imaging criteria. [19] [20] [21] The angioarchitecture of the vascular anomalies was categorised based on the structure of the arterial and venous components. We defined three types of fast-flow vascular anomalies: (1) arteriovenous fistula, in which no more than three arteries feed into a single draining vein; (2) arteriolovenous fistula, in which several small arteries shunt into a single draining vein; and (3) arteriolovenulous fistula, in which the afferent arterioles branching from an artery are connected to their corresponding venules, all of which coalesce to form a draining vein. 22 Ectopic fat was noted when MRI or CT studies showed abnormal collections of tissue with imaging characteristics typical of adipose tissue.
RESULTS
In total, 26 patients (15 male, 11 female) were included in the study. We excluded 1 patient who had an intronic mutation of unknown significance (IVS1+35CRT) and another patient who had a mutation in the PTEN promoter, which has been reported to be a normal variant (2903GRA). 23 The major clinical features and PTEN mutations are listed in table 1. Table 2 shows the presence of features that constitute the diagnostic criteria for Cowden syndrome and BRRS and the age at which each patient was last evaluated. Most of the patients presented with macrocephaly, developmental delay, or a ''mass'' lesion. One patient (patient 7) had been previously misdiagnosed as having Cohen syndrome, but was found to have a PTEN mutation following the development of an ovarian granulosa cell tumour. Two patients (patients 8 and 13) were initially labelled as having Sotos syndrome. Patient 8 was tested for PTEN mutation when it was discovered that her father had penile freckling, and patient 13 was tested because of macrocephaly. In addition to a germline mutation in PTEN, patient 25 had a different somatic PTEN mutation in trans in the tissues from the muscles, epidermal naevus and vessels of the affected limb, as previously reported. 24 We found nonsense mutations in seven patients, missense mutations in seven, insertions, duplications or deletions in eight and splice-site mutations in four patients (table 1). Of the four splice-site mutations, three (in patients 3, 4 and 22) have been previously reported to be associated with Cowden Syndrome (Human Gene Mutation Database, Institute of Medical Genetics, Cardiff; http://www.hgmd.cf.ac.uk/); the other splice-site mutation (patient 14, IVS5-2ARC) has not been previously reported. However, using two different splice-site prediction software programs (the Neural Network Splice Site Prediction Tool (NNSPLICE version 0.9) at the Berkeley Drosophila Genome Project (http://www.fruitfly.org/seq_tools/splice.html) and the NetGene2 Server (http://www.cbs.dtu.dk/services/NetGene2/)), we found that this splice-site mutation resulted in the loss of the splice acceptor site. Moreover, the 22 position of splice acceptor sites is highly conserved, hence this ARC mutation is likely to adversely affect splicing of the PTEN gene in this patient. There were no specific mutational hotspots, although 8 of 26 (31%) patients had a mutation in exon 5, and another 6 of 26 (23%) patients had mutations in exon 6. To our knowledge, mutational analysis of the PTEN promoter had never been performed until Dr Eng's laboratory started this on a research basis in 2004; GeneDx still does not offer PTEN promoter analysis. Hence, most of the patients in our institution suspected of having a PTEN mutation were not tested for mutations in the promoter region of the gene.
All 23 patients whose head circumference was measured had absolute macrocephaly (.97th centile). In at least three patients (patients 3, 13 and 25), absolute macrocephaly was noted at birth. Only one patient had height .97th centile, and three patients were below the third centile for height. Each of the 13 males whose penis was examined had hyperpigmented macules on the glans. The youngest age at which penile freckling was observed was approximately 1 year. Thyroid carcinoma was documented in at least 5 of 26 (19%) patients, including a child who was diagnosed with thyroid carcinoma at 11 years old (patient 16) and two children who were diagnosed with thyroid carcinoma at 13 years old (patients 15 and 24). Mental retardation or global developmental delay was noted in 3 of 26 (12%) patients, and autistic spectrum disorder was identified in 4 of 26 (15%) patients, 2 of whom also had mental retardation.
Results of imaging studies
The following imaging studies were reviewed: brain MRI (n = 14, with intravenous gadolinium contrast in 9), limb or body MRI (n = 11), limb or body magnetic resonance angiography (n = 8), ultrasonography (n = 5) and angiography (n = 8). None of the patients had haemangiomas or other endothelial tumours (table 3) . Vascular anomalies were documented in 14 of 26 (54%) patients. All of these anomalies presented clinically as cutaneous discoloration, swelling or pain. One patient had a dural arteriovenous anomaly only (patient 23; fig 2A) . Of these 14 patients, 8 (57%) had a vascular anomaly at .1 non-contiguous anatomical site. No vascular anomalies were found in intrathoracic or intra-abdominal viscera.
Fast-flow anomalies were noted in 12 of 14 (86%) patients, and flow characteristics could not be determined for 2 patients. Of the 12 patients with fast-flow anomalies, angiography showed arteriolovenous shunts in 4, arteriolovenular anomalies in 3, arteriovenous fistulae in 3 and unclassifiable fast-flow anomalies with arterial, capillary and venular components without direct shunting in 1; 1 patient had arteriovenous and arteriolovenous anomalies at different sites. The type of fastflow lesion and the vessels involved could not be determined in two patients who had abnormal venous channels within fatty tissue because flow-sensitive imaging was not available. Unlike patients without PTEN mutations, the vascular anomalies in many of our patients had draining veins that exhibited focal segmental dilatation that we describe as ''disproportionate venous ectasia'' ( fig 2D,E) .
The vascular anomalies were associated with variable amounts of ectopic fat in 11/12 (92%) of the patients; ectopic fat was not seen in the patient with an intracranial vascular anomaly (patient 23). We were unable to determine the presence of ectopic fat in two patients with extracranial vascular anomalies, either because they had fat-suppressed sequences (n = 1) or had never had an MRI (n = 1). The ectopic fat was usually at the same site as the vascular anomaly ( fig 1A,B) . However, one patient (patient 12) had excessive intraperitoneal and extraperitoneal fat in the absence of any vascular anomalies, and another patient (patient 2) had excessive intraperitoneal fat in addition to vascular anomalies in the lower limbs.
Infiltrative intramuscular involvement was another imaging characteristic of vascular anomalies in patients with PTEN mutation, often resulting in severe and progressive enlargement of the affected muscles (fig 1C,D) . This abnormality was seen in 85% (11/13) of the patients. We were unable to determine whether there was intramuscular involvement in one patient because appropriate imaging was unavailable.
The histology of the vascular anomalies in nine patients was reviewed by a pathologist. Major findings were skeletal muscle infiltrated with adipose tissue, fibrous bands, and mucinous matrix, often containing lymphoid aggregates and plasma cells. There were nodular aggregates of tortuous arteries with concentric transmural muscular hyperplasia and clusters of abnormal veins, which had a variable smooth muscle coat that was irregular, diminished or excessive. Developmental venous anomalies (DVAs) of the cerebral hemispheres and/or cerebellum were noted in eight of nine (89%) of patients who underwent brain MRI with contrast. DVAs are dilated veins considered to be normal anatomical variants in the venous drainage pathways of the brain; they are found in approximately 2% of the normal population. 25 Characteristic DVAs in patients with PTEN mutations are shown in Figure 2 (B,C). These lesions, which are usually asymptomatic, were often not visible on MRI without intravenous contrast medium. Four of the patients with DVAs did not have any extracranial vascular anomalies. One patient (patient 23) had a dural arteriovenous fistula and sinus pericranii, requiring multiple embolisation treatments; the details of his clinical course and treatment have recently been reported. 26 A cavernous vascular malformation was found in another patient who had multiple DVAs (patient 13). This patient was asymptomatic and the lesion was considered to be an incidental finding on brain MRI with contrast. Patient 5 had an Arnold-Chiari I malformation and small areas of bright signals (T2 prolongation) in the white matter, which was probably also an unrelated finding. Furthermore, the patient had chronic daily headaches and a history of probable migraine, which could account for the T2 prolongation in the white matter.
DISCUSSION
This retrospective study was undertaken to characterise the types of vascular anomalies that occur in patients with a PTEN mutation, thereby expanding the phenotype of PHTS. Macrocephaly and penile freckling are well-known features. 5 All of our patients who had their head circumference measured were macrocephalic, and all male patients who were fully examined had penile freckling. Previous studies of PTEN-positive BRRS patients had documented macrocephaly in all patients, but penile freckling had been noted in only 67-85% of patients. 6 27 This study was not designed to examine the prevalence of the various clinical features seen in patients with a PTEN mutation. Nevertheless, it is of note that at least 8 of 26 (31%) patients had thyroid involvement in the form of multinodular goitre, thyroid adenoma or thyroid cancer. Similarly, 8 of 26 patients had gastrointestinal polyps, none of which was found to be malignant. Some authors have reported an association between PTEN mutation and autism, 11 28 and our findings support these observations. The terminology for the extracranial vascular anomalies in these patients is controversial. Although radiologically these lesions have features of fast-flow vascular malformations, histopathologically, they appear to be disordered growths of blood vessels, adipose and fibrous tissue, with a low level of proliferation. Therefore, we elected to use the generic term ''anomaly'' to describe these lesions, recognising that further radiological, histopathological and molecular studies should provide a more precise nosology.
We identified vascular anomalies in 54% of our patients with a PTEN mutation, although none of them had haemangiomas or other ''pure'' vascular tumours. This relatively high frequency could be due to selection bias, as the Vascular Anomalies Center, Children's Hospital Boston, is a major referral centre. Moreover, it is likely that asymptomatic patients will not be tested for the mutation. For example, two of our patients were found to have the mutation only after their children had been diagnosed with PHTS.
In the patients who underwent angiography, the deep vascular anomalies were all fast-flow with some degree of arteriovenous shunting. There was a spectrum of findings, ranging from infiltration of the affected tissue with fine, tortuous arterial and venous channels and a tissue blush, to direct arteriovenous fistulae with massive enlargement of the proximal draining veins (termed arteriovenous or arteriolovenous). We believe that the angioarchitecture in these vascular anomalies is relatively unique, characterised by the unusual segmental dilatation of the draining veins. In contrast, arteriovenous anomalies in patients without a PTEN mutation exhibit diffuse, smooth dilatation of the draining veins. Moreover, cross-sectional imaging (MRI, CT and ultrasonography) showed that the intramuscular vascular anomalies in our patients disrupted the muscular architecture and had excessive disorganised ectopic fat. Non-syndromic intramuscular AVMs are usually associated with symmetrical overgrowth of the affected muscle, without an eccentric mass effect, and are not accompanied by excess adipose tissue. Involvement of multiple non-contiguous sites, seen in 57% of the PTEN positive patients, is also very uncommon in patients with non-syndromic AVM.
DVAs are usually considered normal anatomical variants of no clinical significance. Nonetheless, the fact that 8 of 9 of our patients who had brain MRI with contrast were found to have DVAs is striking. Further brain imaging studies are needed to determine the true prevalence and significance of DVAs in these patients. Cavernous vascular malformations are known to occur in association with DVAs, as noted in one of our patients, 29 but the pathogenesis of these two entities appears to be different. 30 This study was not designed to examine the neuroanatomical characteristics of patients with PTEN mutations. Nonetheless, it is noteworthy that, other than Arnold-Chiari I malformation in 2 patients (one of whom only had a cervical spine MRI), no other structural brain abnormalities were seen in the 14 patients who underwent a brain MRI for a variety of indications, including global developmental delay or mental retardation.
Heterozygous deletion of PTEN in mouse endothelial cells increases the sensitivity of the cells to various vascular growth factors, resulting in enhanced angiogenesis and growth of tumours. 31 These murine studies could explain the predisposition to vascular anomalies in our patients. Other experiments in mice have also shown that anti-angiogenic therapy can diminish adipose tissue, 32 suggesting that the ectopic fat in vascular anomalies may be due to the increased angiogenesis caused by a PTEN mutation.
The PTEN gene encodes a lipid phosphatase that mediates cellcycle arrest and apoptosis. PTEN has two key domains, an N-terminal phosphatase domain encoded by exons 1-6, and a Cterminal domain encoded by exons 6-9, which is involved in protein-protein interactions. 33 Marsh et al. 9 10 reported that mutations in exons 5, 7 and 8 of the PTEN gene together accounted for 63-75% of the pathogenic mutations, with 31-50% of all mutations occurring in exon 5. In contrast, only 50% of our patients had mutations in exons 5, 7 and 8. Moreover, 23% of our patients had mutations in exon 6, compared with only 6-13% in previous reports (table 4) . 9 10 Exon 6 lies at the interface between the phosphatase domain and the N-terminal domain involved in the binding of phospholipids. It is a highly conserved region, and mutations in that region result in reduction in the activity of the phophatase against phosphatidylinositol-(3,4,5)-triphosphate (PI(3,4,5)P 3 ). This suggests an important role for exon 6 in the binding of PI(3,4,5)P 3 by PTEN.
33
R173 in exon 6 is one of the eight most commonly mutated residues in patients with PTEN-related tumours, suggesting that the integrity of the interface is important for the function of PTEN. It is therefore interesting that of our six patients with mutations in exon 6, two had both thyroid carcinoma and intestinal polyps, one had both multiple thyroid nodules and intestinal polyps, and another had thyroid carcinoma with only a solitary thyroid nodule. In contrast, the only patient in our series with a mutation in R173 had neither thyroid carcinoma nor thyroid nodules and did not have intestinal polyps.
This study has documented a high frequency of deep vascular anomalies in patients with a PTEN mutation. These extracranial vascular anomalies are almost all fast-flow and have consistent, unusual features, including multifocality (involvement of multiple non-contiguous sites), musculoskeletal location, ectopic adipose tissue and drainage into disproportionately dilated veins. Multifocality is not a feature of non-syndromic AVM. Clinicians who care for these patients should consider regular monitoring for vascular anomalies. MRI, with MRA, is appropriate for the initial evaluation of a suspicious lesion.
In conclusion, our study suggests that all patients who present with fast-flow vascular anomalies or who have multiple DVAs on brain MRI should have their head circumference measured, and male patients should also be examined for penile freckling. Those who are macrocephalic or have penile freckling should be considered candidates for PTEN testing. MRI should be used to evaluate symptomatic mass lesions. Multiple fast-flow vascular anomalies, the presence on MRI of ectopic fat with disruption of the architecture of the affected muscles, and angiographic finding of disproportionate dilation of the immediate draining veins appear to be the typical features of these lesions. These radiological features should also prompt consideration for PTEN testing. A molecular diagnosis of PTEN mutation is critical because these patients have an increased risk of malignancy, even when they are relatively young, as suggested by our three patients who developed thyroid carcinoma in their early teenage years. Timely identification of these patients also facilitates the diagnosis of asymptomatic carriers and enables physicians to institute appropriate surveillance for thyroid, breast and endometrial cancers for all people found to have a PTEN mutation.
